assessment has been conducted of five commercially available devices to determine their ability to provide clean sinusoidal voltage to nonlinear loads and to eliminate harmonic currents demanded by nonlinear loads. The devices tested were a passive series-shunt filter, a delta-wye isolation transformer, a ferroresonant magnetic synthesizer, an active power line conditioner, and an active injection mode filter.
I. INTRODUCTION
The U.S. Army Center for Public Works proposed a study to determine what devices are best for reducing or eliminating the effects of harmonics on power systems typical of those existing in their Command, Control, Communication and Intelligence (C3I) sites. Because of the number of electronics at C31 sites, these non-linear loads, composed mostly of switch mode power supplies and unintermptible power supplies (ups's), have strained electrical systems which largely had been designed for sinusoidal voltage and current waveforms.
As a part of this study, five different commercially available power quality improvement units (PQIU's) advertised to be universally applicable for the reduction of harmonics were tested for their ability to provide clean sinusoidal voltage to nonlinear loads and eliminate harmonic currents demanded by nonlinear loads [ 11. Reference [2] is a related paper which contains some background information useful in discussing harmonics.
The devices tested were a passive series-shunt filter, a shielded delta-wye isolation transformer, a ferroresonant magnetic synthesizer, an active power line conditioner, and an active injection mode filter. These five devices were chosen for testing because they were 'bff-the-shelf' products designed to be installed in various locations, i.e. they were not Harold D. Hollis and Peyton S. Hale, Jr.
U.S. Army Center for Public Works, CECPW-K 7701 Telegraph Drive Alexandria, VA 223 15-3862 Phone: (703) 428-8191 e-mail: Peyton. S.Hale@cpwO 1 .usace.army.mil site specific designs such as a conventional passive filter designed to filter a specific harmonic, i.e. fifth or seventh. The devices were installed in Department of Energy facilities in Oak Ridge, Tennessee, that had existing single-phase nonlinear loads (switch mode power supplies and uninterruptible power supplies) on a 3-phase, 4-wire 120/208 V system.
TESTS OF HARMONIC MITIGATION DEVICES

A . Passive Series-Shunt Filter
A three-phase four-wire, 120/208 V, 80 A passive filter advertised as a 'fiarmonic line conditioner" was installed to supply power to two panels which provided electricity to receptacles in several offices. A one line diagram of the location is shown in Fig. 1 . Most of the receptacles fed power supplies in computers, video displays, and laser printers which drew a phase current which had a total harmonic distortion (THD) between 75 and 100%. Accordingly, the US. Government rekiins a nonexclusive, royalty-free license to publish or reproduce the published from of this contribution, or allow others to do so, for U.S. Government purposes The filter (shown in Fig. 2 ) had a series inductance that acted as a low pass filter to prevent higher frequency harmonic currents from passing through the filter and into the upstream distribution system. The parallel part of the filter was designed to shunt the higher frequency current harmonics while allowing the 60 Hz fundamental current to pass through the filter to the load. Figs. 3 and 4 show the impedance of the parallel and series portion of the filter, respectively.
The installation of the filter did not reduce the harmonic current on the line side of the device, and it actually reduced the RMS line-neutral voltage on the load side (from 120 V to about 100 V) to the point that computers in several of the oftices rebooted intermittently due to insufficient voltage. The problem with the filter was that the series inductance caused a voltage drop of approximately 15; percent in the unit. The filter did effectively filter out higher order current harmonics; those above the 15th (900 Hz) were completely shunted by the parallel filter, and those between the 7th and 15th were reduced considerably. The filter did not effectively eliminate the load current's third harmonic and acted as a partial 'kink" 1. 0 line side harmonic currents, i.e. some harmonic currents from other panels connected to PPD-1 (Fig. 1) were drawn into the filter instead of propagating back up through the electrical system.
Because of the excessive voltage drop across the series inductance, this element was removed from the filter to see how well it performed as a parallel filter only. Without the series line inductance, no voltage drop problems were encountered; however, the parallel filter acted as a sink to higher order harmonic currents from the load and line side of the filter as shown by the waveforms in Fig. 6 .
B. Delta-Wye Transformers
All two winding transformers may be called isolation transformers because the primary and secondary of the transformer are coupled magnetically instead of by a directly wired connection such as in an autotransformer. Delta-wye transformers (primary delta, secondary wye) are an effective means of reducing zero sequence harmonic currents from the Placing a copper shield between the primary and secondary of a two winding transformer can also help to prevent common mode noise from being transferred from the secondary to the primary and vice versa. Common mode noise is noise that appears equally and in phase from each currentcarrying conductor to ground [4] .
Two different transformers were tested for their ability to reduce harmonic current from the secondary of the transformer to the primary. One transformer tested was a typical dry type distribution transformer currently in service.
This 225 kVA, 480 V -120/208 V transformer ( Fig. 1 ) had a nameplate impedance of 4.21% and fed an 800 A distribution panel which fed a dozen other panels responsible for the primary electrical distribution to the offices in the building. In Fig. 7 , waveforms from one phase of the primary and secondary of the transformer are shown. The current THD was reduced by approximately 50% from the secondary side of the transformer to the primary side because of the nearelimination of the triplen harmonics. The 3rd harmonic on the secondary side of the transformer had a magnitude of 51.8% of the fundamental. The 3rd harmonic on the primary side of the transformer had a magnitude of only 4.8% of the fundamental. All other triplen harmonics (gth, 15th, 21st, etc.) on the primary side of the transformer had magnitudes triplen harmonics circulate in the delta (primary side) of the less than 1% of the fundamental. Table I is a compilation of the harmonic components of the current for the Primary and secondary side of the transformer.
A new 30 kVA, 208 V -1201208 V, shielded, delta-wye transformer was also tested for its ability to reduce current harmonics. The transformer was connected to the existing distribution system and fed the same receptacle load that the passive filter did (Fig. 1 ). The transformer was tested with its secondary neutral bonded to ground and with it not bonded (floating).
Results of this shielded transformer did not differ much from the larger non-shielded building transformer. The current third harmonic was ]reduced by approximately 90 percent from the secondary (load) side of the transformer to the primary (line) side of the transformer due to the delta-wye transformation. The ninth harmonic was also considerably reduced from the secondary of the transformer to the primary. The other harmonics did not differ greatly from the secondary side of the transformer to tlhe primary side. Again, the current's total harmonic distortion was reduced by approximately 50 percent because of the near-elimination of triplen harmonics.
With the secondary neutral and ground bonded, the transformer was slightly more effective at reducing harmonics than without the bond. Without this bond, the neutral developed a 20 V RMS difference between it and the ground. The National Electrical Code requires that the two be bonded because the secondary of the transformer is a separately derived system (51. Two different test cases were: studied with an APLC: one was a single phase load; the other was a three phase load where three single phase APLC's were connected in a wyewye arrangement to supply the load.
A 120 V, single phase, 5 kVA, APLC was tested with a load of two personal computers, two video displays, and two laser printers. The APLC reduced the THD of the current from the load side to the line side froim 118.4% to only 6.3%. In addition, the APLC was supplied with a voltage that had a THD of 2.7%, yet it provided the load with a voltage that was perfectly sinusoidal (THD of 0%). This particular APLC drew a current that was close to a 60 Hz sine wave which enabled a reduction in the crest factor of the load from 2.5 to 1.1.
Also tested were three 5 kVA single phase APLC's wired in a wye-wye configuration to provide power to the same load shown in Fig. 1 . The voltage and current waveforms for one phase on the input and output of the APLC configuration are depicted in Fig. 9 . The units were able to reduce the current THD from their load side to the line side from 102.2% to 5.3%. In addition, Rh4S neutral current was reduced by 43% from the load side of the bank to the line side. The input waveform drawn by the FMS is a function of the way the synthesizing network demands energy from the supply rather than as a function of the load current waveform. This keeps the input current distortion to less than 8% THD regardless of the load current distortion or phase unbalance. The FMS was originally designed as a regulated power supply for computer centers instead of an active power conditioner because it provides isolation from the input voltage source and can regulate the output voltage to within 5% of a nominal value with up to a 40% deviation in the magnitude of the source voltage.
A 30 kVA, 480 V 3-wire input, 120l208 V 4-wire output FMS was tested for a six week duration on the load depicted in Fig. 1. Fig. 11 shows snapshots of voltage and current waveforms from the line and load side of the FMS. Current THD was reduced by over 90% from the load side of the FMS to the line side. No harmonic currents were found on the line side for frequencies above 720 Hz even though the load had harmonic currents through 1740 Hz. Table I11 is a compilation of the harmonic components for the currents on the line and load side of the FMS. 
E. Active Injection Mode Filter
Active injection mode filters (AIMF's) are connected in parallel with a harmonics load instead of in series like the previously discussed devices. The AIMF switches in varying amounts of current to cancel the harmonic currents demanded by a nonlinear load through the use of a pulse width modulation (FWM) scheme and IGBT switches. This parallel connection results in a reduction of the current carrying capacity of many of the components of the AIMF because they only conduct the comlpensating portion of the total current drawn by the load. The particular unit tested uses clamp-on current transformers on each of the three phases of a nonlinear load to measure the amplitude and phase angle of each current harmonic. The uinit then draws a pulse of current of equal amplitude and opposite phase angle.
An AIMF rated to compensate for a 100 A harmonic current load at 120/208 V was connected at a different site from the one depicted in Fig. 1 but with a similar load profile. Fig. 12 shows the voltage and current waveforms for the load and line side of the AIMF. It reduced the current THD from 98.8% to 9.9%. The unit also reduced the crest factor of the current from 2.5 to 1.5 and the distortion factor from 1.6 to 1.1. The AIMF improved the power factor from 0.65 to 0.98 for this particular load test circuit.
One drawback of the AIMF was that it injected between 10 V and 20 V RMS of high frequency noise at the 10 kHz PWM switching frequency of its IGBT's into the electrical system.
The AIMF superimposed a 10 V RMS 10 kHz waveform on the 60 Hz system voltage waveform. Table IV shows the reduction for specific current harmonics for one phase and the neutral for the AIMF. The unit was most effective at reducing the lower frequency harmonics (3rd through the 11th).
Iv. COMPARISON OF TESTED DEVICES
Although the main purpose of testing was to see how much the units canceled harmonic currents, the five different power quality improvement units weire also compared in the other following categories: supply of a nondistorted waveform, supply of a regulated voltage, softening agent for impulses and transients, reliability, efficiency, cost, and size. Because the passive filter worsened the conditions instead of improving them, it is not considered in the following discussion. Table V is a summary of the comparison of the different harmonic suppression units.
A. Cancellation of Harmonic Currents
The ferroresonant magnetic synthesizer performed best in near elimination of harmonic currents drawn by a load. The saturating transformers in the unit drew a balanced current that had less than 5% THE) while supplying a load that demanded a current with near 100% THD. Because the input to the unit was 480 V three-phase without a neutral, the neutral current from the load was also canceled. The wye-wye configuration of single phase active power line conditioners came in a close second by canceling the harmonic current to a point that the unit drew a current with only 6% THD. However, because the configuiration was wye-wye, the neutral current was reduced by 43% :and not totally eliminated. It is recommended that for three-phase applications, a three-phase APLC be used because it would eliminate the neutral current much like the FMS. Through the injection of canceling currents, the active injection mode filter reduced harmonic distortion on the line side of the unit to less than 10%. The delta-wye transformer is not an active device, but it inherently cancels triplen harmonics. For electrical distribution systems that have a substantial number of single phase harmonic producing loads, a delta-wye transformer may reduce THD by approximately 50%. Because three phase harmonic loads do not produce triplen harmonics, a delta-wye transformer would be of little value in these cases. 
B. Supply of a Nondistorted VoItage Waveform
The APLC supplied a voltage waveform that was essentially distortion free (THD equal to zero). It also did not inject any high frequency noise into the electrical system. The F M S supplied a voltage that had approximately 2.5% THD regardless of the distortion of the voltage source.
The delta-wye transformer is at the mercy of the incoming voltage distortion because it is reflected to the secondary of the transformer and to the load. The AIMF is a parallel connected device and really has no effect on voltage distortion other than through the effect that diminished harmonic currents have on the electrical distribution system. In addition, the AIMF injected 10 to 20 V of high frequency noise into the distribution system that could be measured at upstream switchgear equipment.
C. Supply ofa Regulated Voltage
The APLC regulated the output voltage to within 1% of a nominal value for input variations of +15% to -50%. The FMS was capable of producing an output voltage within 5% of a nominal value for input variations of +40% to -40%.
The delta-wye transformer is again at the mercy of the voltage source because its output voltage is related to input voltage simply by the turns ratio. The AIMF does not regulate the output voltage either because it is connected in parallel across the line.
D. Softening Agent for Impulses and Transients
The APLC and F M S have built-in transient surge suppressors to prevent impulses from reaching connected equipment. The transformer is a softening agent between the source and the load, but it cannot completely eliminate transients. The tested AIMF does not have transient surge suppressant capability.
E. Reliability
While no long term testing was performed on the equipment as part of this study, some insight into reliability was gained during the time that the equipment was in service. Delta-wye transformers have been built for decades and have no electronic devices or moving parts associated with them. If transformers are not overloaded such that their insulation integrity is maintained, they will easily last 30 years. The main power devices in the FMS are transformers which should also be fairly rugged. The FMS does have some control circuits and filtering capacitors which would add to the number of possible devices that might fail. The F'MS has been in production for over 10 years, so flaws in design and production should have been corrected by now.
The APLC and A M F both use power electronics (IGBT's) and sophisticated control techniques to compensate for harmonic currents. Both of these power quality improvement units and their internal electronics are relatively new devices and have yet to ''stand the test of time". One of the three APLC's in the wye-wye configuration had a premature failure during the two months that it was in service [ 11.
F. Efficiency
The AIMF corrects power factor to unity, and most of the current drawn by the unit is reactive to compensate for motor loads or to cancel unwanted harmonic currents. Most of the losses in the A M F come from switching losses which is minimal compared to the total power. The APLC reduced the crest factor of current drawn considerably and the RMS value of current only slightly. The wye-wye configuration of single phase APLC's did not draw a current that had unity power factor, however. Again like an AIMF, most of the losses in the APLC come from small switching losses.
Delta-wye transformers have an inherent impedance associated w i t h them on the order of 5% which causes resistive heating. Also, harmonic currents cause eddy losses proportional to their frequency squared. This means that higher order harmonics are much more lossy than and cause much more heating than the fundamental current. Finally, triplen harmonics circulate in the delta windings of the transformer and cause heat losses. All of these heating effects tend to lessen the life of the insulation of the transformer. The FMS drew a balanced current that had a power factor close to unity. However, the saturating transformers in the F M S were quite lossy because the unit tested was really hot when in operation; even hotter than a comparable delta-wye transformer. This heat must be taken into account when using an FMS; and to the manufacturer's credit, the company publishes the expected heat loss in BTU's/hour for each of their units. Most electrical systems were not designed to support the nonlinear devices that now make up a large percentage of the loads on today's distribution systems. The National Electrical Code (1996) has yet to directly address many of the issues associated with harmonics. It does now contain, however, a definition for nonlinear load and a couple of fine print notes (FPNs) regarding harmonics in its 1996 edition [ 5 ] . Article 220-22 regarding feeder neutral load has the FPN, 74 3-phase, 4-wire, wye-connected power system used to supply nonlinear loads may necessitate that the power system design allow for the possibility of high harmonic neutral currents." Article 450-3 regarding overcurrent protection for transformers has the FPN, 'Mnlinear loads can increase heat in a transformer without operating its overcurrent protective device." Indirectly, the NEX does address things like oversizing neutral conductors because it requires that conductors be sized to carry expected loads.
G. Cost, Weight, and Size
Although this study tested transformers which were not Kfactor rated, to meet UL arid NEC requirements K-factor transformers must be used for supplying nonlinear loads. Kfactor transformers are UL listed to supply nonlinear loads without loss in the insulation life of the transformer. The Kfactor is found by multiplying the frequency squared for each harmonic component by its per unit amplitude squared and then summing over all harmolnic frequencies, N:
Manufacturers charge a premium for K-factor transformers even though some manufacturers have simply derated a larger transformer and had it tested so that it meets UL requirements. True K-factor transformers have neutrals rated at two times the ampacity of the phase conductors, a low flux density core, and are wound with smaller conductors to reduce eddy current losses. True K-factor transformers are 5 -10% larger than their K-1 (non K-factor) counterparts [6] .
When applying power quality improvement units to reduce the level of harmonic currents, these should be placed as close to non-linear loads as possible. This prevents harmonics from propagating throughout the system and interacting with more of the electrical system and connected equipment. Lai and Key [7] have also shown an economic justification for suppressing harmonics as close to their source as practical. [4, 8, 9] . All three of these publications contain useful information in the design of electrical systems where nonlinear loads are expected or where loads sensitive to voltage harmonics are located.
Prior to purchasing and installing a power quality improvement unit, several factors should be considered: cancellation of harmonic currents, supply of a nondistorted voltage waveform, supply of a regulated voltage, softening agent for impulses and transients, reliability, efficiency, cost, and size. Each installation is different and all of these factors must be weighed during the selection process in order to choose the unit which best suits the conditions for which it is applied.
VI. CONCLUSIONS
Test results of five commercially available harmonic mitigation devices are reported in this paper. Passive filters should not be universally applied without careful consideration of their electrical system impact. The test filter actually worsened the electrical system instead of improving it. Delta-wye: transformers are a cheap means of eliminating triplen harmonics in 3-phase, 4-wire systems that have several single phase harmonic producing loads. An active injection mode filter can cancel the majority of low frequency current harmonics and greatly improve the power factor of the system.
The ferroresonant magnetic synthesizer and active power line conditioner not only cancel unwanted current harmonics but also supply loads with a regulated, distortion-free voltage. The major drawbacks of the FMS are heat loss and weight. The APLC is the most expensive of the power quality improvement units tested.
